An ultrasensitive label-free impedimetric immunosensor is constructed by modifying a 3-mercaptoproponic acid (MPA) monolayer on highly rough gold nanostructure (AuNS)-electrodeposited screen printed carbon electrodes (SPCEs) for the detection of small molecular weight drugs (SMWDs), such as salbutamol (SAL). The SPCEs preoxidized in a 0.1 M H2SO4 solution (called po-SPCEH2SO4) are electrodeposited with the AuNS to increase the roughness factor to 23.64 ± 1.76, larger than the AuNS/po-SPCENaOH or the AuNS/po-SPCEPBS. Furthermore, the MPA modified layer as a link for the anti-SAL immobilization to give the immunosensors an impedimetric signal-to-noise ratio larger than the 11-mercaptoundecanoic acid-and 16-mercaptohexadecanoic acid-modified layer, due to the lower interfacial impedance of the MPA monolayer. The MPA/AuNS/po-SPCEH2SO4-based immunosensors have a wide linear range of 1 fg mL -1 to 1 ng mL -1 and a limit of detection of 0.6 fg mL -1 . Moreover, the immunosensors can practically quantify the SAL concentrations in 1000 times-diluted serum samples with good recovery.
Introduction
Electrochemical impedance spectroscopy (EIS)-based immunosensors have been developed for the detection of species of different sizes, such as bacteria, 1 viruses, 2 protein biomarkers 3 and small molecular weight drugs (SMWDs). 4 The detection results of EIS-based immunosensors are dependent on the electrical and structural changes in the electrode/solution interface induced by antigen/antibody immunoreaction in the electrochemical signal of electroactive mediators. In theory, smaller molecules may induce a smaller change in the electrical properties of the electrode/solution interface. Given improved sensitivity and limit of detection (LOD), EIS-based immunosensors would have great promise for fast, cost-effective and label-free detection of SMWDs, such as antibiotics, immunosuppressive drugs, beta agonists and so on, 5-9 compared with a competitive enzyme-linked immunosorbent assay and separation-integrating analytical instruments.
Nevertheless, the interference of nonspecific adsorption from real samples in all label-free detectors remains a significant problem. Several strategies have been adopted to prevent the biological matrix from interfering with a label-free measurement, such as the extraction of organic solvents, centrifugation and dilution. 10, 11 In contrast to complicated pretreatments, dilution is a relatively simple method to decrease the effect of nonspecific adsorption. 12, 13 However, the feasibility of dilution is limited by the LOD and the signal-to-noise (S/N) ratio of sensors, requiring signal amplification of the antigen-antibody interaction.
Presently, labels of enzyme-or nanomaterials-conjugated secondary antibodies (Ab2) [14] [15] [16] and high roughness electrodes 17, 18 are often used to, respectively, enlarge the signal of antigen binding and increase the adsorption capacity of immobilized antibodies. Compared with the use of Ab2-conjugated labels, high roughness electrodes have better potential for label-free detection, and thus simplify immune procedures. At present, two kinds of strategies are commonly used to increase the surface roughness of electrodes: porous surface etching and conductive nanostructure deposition. Tsai et al. used an etched anodic aluminum oxide film as a template to deposit gold nanoparticles (AuNPs) on a porous surface, increasing the effective area by 4.18-fold for the impedimetric detection of dust mite antigens. 17 As a label-free immunosensor for the the detection of C-reactive protein, Chen et al. fabricated a three-dimensional ordered macroporous gold film electrode with a roughness 14.4-times greater than that of a flat gold electrode. 18 Furthermore, naturally rough screen printed carbon electrodes (SPCEs) electrodeposited by AuNPs or nanostructures (NSs) have emerged as a platform for the construction of disposable, inexpensive and sensitive impedimetric immunosensors. [19] [20] [21] In our previous study the AuNS-electrodeposited SPCEs (AuNS/SPCEs) had a roughness of 4.9-times greater than that of polished gold disk electrodes. 21 The LOD of rough AuNS/SPCE-based immunosensors for salbutamol (SAL) detection was as low as 4 fg mL -1 . However, few studies have proposed methods for improving the SPCE roughness to further increase the effective area of the AuNSdeposited surface for the construction of more sensitive impedimetric immunosensors.
Preoxidation is an useful technique to enhance the electrochemical properties of SPCEbased sensors. 22 After adequate preoxidation, the SPCEs can present more oxygen-containing functionality and edge-plane sites, which makes the SPCE surface hydrophilic, and reduces the redox overpotential of various analytes. [23] [24] [25] [26] Therefore, it is worth noting the effect of different preoxidizing procedures of SPCEs on the roughness of AuNS electrodeposition and the corresponding impedimetric properties of immunosensors. Moreover, the sensing characteristics of the impedimetric immunesensors are not only determined by the electrode roughness, but also by the physical properties of the modification layer. Self-assembled monolayers (SAMs) of thiolates are commonly modified on gold electrodes as a link for the immobilization of an antibody. The pinhole degree and thickness of SAM determine the permeability and the electron transfer rate of the mediator. Ding et al. proved that the long carbon chain thiolated SAM, such as 16-mercaptohexadecanoic acid (MHA), presented a much larger electron transfer resistance (Ret) to mediators due to the thicker thickness and greater compactness than the short chain SAM of 4,4-dithiodibutyric acid. 27 Furthermore, in terms of electrical theory, a modification layer with a lower impedance allows for a larger voltage drop across the modified layer/solution interface, potentially producing a greater electric response to increase the S/N ratio during the antigen-antibody interaction.
This work provides a detailed investigation of the effect of the SPCE preoxidization and the chain length-varied self-assembled monolayer (SAM) modification on the surface roughness of electrodes and the sensing response of the antigen immunoreaction. SAL (239 g mol -1 ), a kind of β2-agonists, is exemplified as a model to develop a label-free AuNS/SPCEbased SMWD immunosensor. The AuNS was electrodeposited on SPCEs preoxidized in pH-varied solutions (called po-SPCEs) to construct highly rough electrodes. Moreover, three kinds of chain-length alkylthiol molecules were used to link the SAL antibody on the AuNS/po-SPCEs to explore the effect of the SAM on the LOD and S/N ratio.
Experimental

Reagents
A highly specific sheep anti-SAL monoclonal antibody was obtained from Randox Biosciences (MAB9343). Bovine serum albumin (BSA), 3- 2 . All chemicals were of reagent grade and were used ithout further purification. All solutions were prepared with water purified through a Milli-Q system.
SPCE preoxidation
All electrochemical experiments were performed with an IM-6 impedance analyzer (Zahner Electrik GmbH, Germany) in a three-electrode system by respectively using an Ag/AgCl electrode and a Pt wire as the reference electrode and the counter electrode. The pristine SPCEs were first electrocleaned through scanning 20 cycles from 0 to 1.3 V at a scanning rate of 0.1 V s -1 in 0.1 mol L -1 PBS (pH 7.0), and then rinsed with distilled water. The result is referred to as cleaned SPCEs. The cleaned SPCEs were then electrooxidized at 2.0 V for 300 s in 0.1 mol L -1 H2SO4, 0.1 mol L -1 PBS and 0.1 mol L -1 NaOH, respectively designated as po-SPCEH2SO4, po-SPCEPBS and po-SPCENaOH, to increase the hydrophilicity and the edge-plane sites. 25 The effective surface area of po-SPCEs was measured in 10 mmol L -1 PBS containing 5 mmol L -1 Fe(CN)6 4-in the potential range of -0.1 to 0.5 V to obtain the relationship between the anodic peak current (Ipa) of Fe (CN)6 4-and the square root of the scanning rate (ν 1/2 ). 28 According to the Randles-Sevcik equation, Ipa = (2.69 × 10 5 )n 3/2 AD 1/2 Cν 1/2 , where n (= 1) is the electron-transferred number, D (= 6.5 × 10 -6 cm 2 s -1 ) is the diffusion coefficient of Fe(CN)6 4-, C (5 mmol L -1 ) is the molar concentration and A is the effective surface area (cm 2 ); A can be calculated from the slope of Ipa versus ν 1/2 . Furthermore, the electrodes' roughness factor was defined as the ratio of the measured effective area to the geometrical area.
AuNS electrodeposition
The AuNS was formed on the cleaned SPCEs and the po-SPCEs through two-step electrodeposition in a 8 mmol L for 7 cycles. The second step was performed at the half-peak potential of gold reduction (~0.62 V) for 10 min to grow nanostructures on the AuNPs. The AuNS-deposited po-SPCEs (AuNS/po-SPCEs) were then rinsed with double-distilled water for subsequent surface modification.
The morphology of the po-SPCEs and AuNS/po-SPCEs was observed by field-emission scanning electron microscopy (SEM, JEOL JSM-7401F, Tokyo, Japan) with an accelerating voltage of 3 kV. The real surface area of AuNS was calculated for 50 mmol L -1 HClO4 in the potential range of 0.3 to 1.5 V with a scan rate of 0.05 V s -1 , and determined by an oxide desorption charge of 386 μC cm -2 through the reductive charge of the gold oxide monolayer to calculate the roughness factor. 29 
Immunosensor preparation
First, 10 μL aliquot of MPA (10 mmol L -1 ), MUA (10 mmol L -1 ) or MHA (10 mmol L -1 ) was separately dripped on the surface of AuNS/po-SPCEs at 30 C for 1 h in an incubator with 30% relative humidity to form SAM of different lengths. The SAM was used as a link for antibody immobilization. The unbound MPA, MUA or MHA molecules were removed using doubledistilled water and ethanol, respectively. The SAM-modified AuNS/po-SPCEs were soaked overnight in 1 mL 20 mmol L -1 MES solution (pH 4.6) containing 30 mmol L -1 EDC and 2 mmol L -1 NHS to activate the SAM's carboxyl group. Subsequently, 10 μL anti-SAL antibody (0.1 mg mL -1 ) prepared in 10 mmol L -1 PBS was placed on the EDC/NHS-activated SAM at 30 C for 1 h, and then rinsed with PBS. Finally, the electrodes were blocked with 1% (w/v) BSA from nonspecific binding, and first cleaned with PBS containing 0.05% Tween-20 (named PBST) and then PBS. The SAL were prepared in 10 mmol L -1 PBS. After incubating the immunosensors in concentration-varying SAL samples (500 μL) for 40 min at room temperature, the SAL-interacted immunosensors were cleaned by PBST and PBS, after which cyclic voltammetry and EIS were used to assess the change in the electrochemical properties of the electrode/solution interface. The fabrication procedures for the immunosensors are depicted in Scheme 1.
Electrochemical measurements
An equimolar Fe(CN)
) in 10 mmol L -1 PBS (pH 7.4) was used as a mediator to evaluate the electrochemical properties of the electrodes in each modification step and the SAL immunoreaction. A cyclic potential from -0.1 to +0.5 V at a scanning rate of 0.02 V s -1 was applied to assess the redox behavior of the mediator on the modified electrodes. Impedimetric measurements were performed in a frequency range of 1 Hz to 100 kHz at a +0.21 V potential added with a 5 mV amplitude sine wave. The acquisition and analysis of the impedance spectra, and the simulation of equivalent circuits, were carried out using the IM-6/THALES software package.
Results and Discussion
Properties of po-SPCEs
Figure 1(a) shows that the pristine SPCE has a naturally rough surface consisting of carbon particles of about 100 nm in diameter, graphite flakes at a micrometer scale and organic binders between the carbon materials. The inset of Fig. 1(a) shows that the small carbon particles were covered by the binders.
Figures 1(b) -1(d) respectively show SEM morphological images of the po-SPCENaOH, po-SPCEPBS and the po-SPCEH2SO4. The results prove that the preoxidizing process can partly remove paste-like binders or organic pollutants to make the carbon materials more easily observable and generate a more rough and porous surface due to the relative acidity of the solutions. In particular, the graphite flakes of po-SPCEH2SO4 surface exhibit increased irregularity, attributed to the severe electrooxidation process in strong acid. The effect of different peroxidation on the SPCE morphology is represented in Scheme 1(a). Furthermore, the Raman spectra of pristine SPCEs and po-SPCEs are shown in Fig. S1 (see Supporting Information), exhibiting the peaks of the basal plane (G band, at ~1567 ± 10 cm -1 ) and the edge plane (D band, at ~1324 ± 10 cm -1 ). 30 The peak-height ratio of the D/G band calculated from the pristine SPCE, the po-SPCENaOH, the po-SPCEPBS and the po-SPCEH2SO4 was respectively 0.42 ± 0.27, 0.67 ± 0.02, 1.18 ± 0.19 and 1.13 ± 0.19. This result indicates that the preoxidation process significantly increases the area of the edge planes. The larger D/G band ratio can lower the overpotential of analytes. 30 Preoxidation in an acidic solution produced a larger D/G band ratio than in an alkaline solution. Furthermore, the D/G band ratio of po-SPCEPBS differs insignificantly from that of the po-SPCEH2SO4, similar to the results reported by Prasad et al. 30 The effect of preoxidation on the effective area of po-SPCEs was investigated by cyclic voltammetry, as shown in Fig. S2 . Calculated by the Randles-Sevcik equation, the roughness of cleaned SPCE, po-SPCENaOH, po-SPCEPBS and po-SPCEH2SO4 was respectively 0.67 ± 0.07, 0.72 ± 0.10, 1.45 ± 0.17 and 1.88 ± 0.15 (n = 4 electrodes). The roughness of the cleaned SPCEs and po-SPCENaOH was smaller than 1, due to the binder fouling partly blocking the electrode surface. The preoxidation in the PBS and H2SO4 solution can obtain electrodes with a larger effective surface area than that in the NaOH solution due to the strong electrooxidation removing the binder and increasing the D/G band ratio. Although the po-SPCEH2SO4 and the po-SPCEPBS had similar D/G band ratios, the roughness factor of po-SPCEH2SO4 was significantly larger than that of po-SPCEPBS. The high roughness of the po-SPCEH2SO4 benefits the AuNS electrodeposition for the construction of highly sensitive immunosensors.
Roughness factor of AuNS/po-SPCEs
The highly rough and differently shaped AuNSs can be formed as the substrate for antibody immobilization to control the electrodepositing parameters. 31, 32 In this study the two-step electrodepositing method was used to form the sea urchin-like AuNSs, as shown in Figs. 1(e) and 1(f ). The electrodepositing mechanism was mentioned in our previous study. 21 The result presents that the AuNS formed on the po-SPCEH2SO4 had a better coverage density than that on the cleaned SPCE due to the greater number of electroactive sites on the po-SPCEH2SO4. The actual surface area of the AuNS-deposited po-SPCE was calculated from the charge by integrating the cathodic peak current of the gold oxide monolayer, as shown in Fig. S3 . The calculated roughness of the AuNS/cleaned SPCE, AuNS/ po-SPCENaOH, AuNS/po-SPCEPBS and AuNS/po-SPCEH2SO4 was respectively 11.24 ± 1.45, 12.49 ± 2.74, 18.34 ± 0.63, 23.64 ± 1.76 (n = 4 electrodes). The AuNS/po-SPCEH2SO4 had the greatest actual surface area.
Effect of chain length of modified layer
Generally, the antibodies of immunosensors are immobilized on gold surface electrodes through alkanethiol SAM. 5 Few studies have explored the chain-length effect of SAM on the sensing properties of impedimetric immunosensors. EIS was used to estimate the immunosensors with different modifying steps via MPA, MUA and MHA SAM, as shown in Fig. 2 .
The impedance spectra measured at the AuNS/cleaned SPCE consist of the semicircle part at higher frequencies, indicative of a kinetics-controlled region, and the linear part at lower frequencies, corresponding to the diffusion-controlled section. However, after modifying the MUA and MHA SAM, the impedance spectra only present the semicircle part, indicating that the longer chain SAM produces greater interface impedance to block the diffusive behavior of Fe(CN)6 3-/4-. Moreover, the radius of the semicircle increased with the modification steps of the anti-SAL immobilization, the BSA blocking and the 1 ng mL -1 SAL immunoreaction. It is worth noting that the MPA-modified electrode always presented the linear part during the same modifying steps, implying that the MPA SAM has a smaller interface impedance to allow for the diffusive behavior.
The impedance data were fitted using IM-6/THALES software. Owing to the high roughness of AuNS, the modified SAM has difficulty forming a dense monolayer. Therefore, the constant phase element (CPE) was used to replace the pure capacitance of the electrical double layer (Cdl) in the Randles equivalent circuit to explain the inhomogeneity of the electrode surface. 21 The impedance of CPE can be presented by
, where Z0 is a constant, j is the imaginary number, ω the angular frequency, and 0 < α < 1. When α is closer to 1, CPE becomes more capacitive. The modified Randles equivalent circuit, as shown in the inset of Fig. S4(a) , includes four elements: the solution resistance (Rs), the Warburg impedance (Zw), the CPE and the Ret. When the impedimetric spectrum of electrodes only presents the kinetics-controlled part, such as the MUA-and MHA-modified electrodes, the EIS behavior can be explained using the 1R//C model, consisting of Rs in series with one parallel circuit comprising a Ret and a CPE, 33, 34 as shown in the inset of Fig. S4(b) . Figures S4(a) and (b) show the computer fitting values, respectively, calculated by the modified Randles circuit and the 1R//C model, showing good consistency with the experimental spectrum measured at the BSA/anti-SAL/MPA/ AuNS/cleaned SPCEs and the BSA/anti-SAL/MUA/AuNS/ cleaned SPCEs, which have a mean error of less than 0.1% error and a maximum error of 2.1% for all fitting data. Table 1 gives the values of the Ret and CPE element fitted from the experimental spectra of Fig. 2 . The CPE values only obtained at the MUA-and MHA-modified electrodes presented a negative relationship with the cascading modification procedures, implying an increase in the thickness of the modifying layer to reduce the CPE. This phenomenon is attributed to the fact that the MUA and MHA easily form an insulated SAM to present increased capacitive property. In contrast, the MPA-modified electrodes did not present a negative relationship between the CPE and the modification procedures, due to the low insulation of MPA SAM. Furthermore, the Ret values increase with the modifying procedures regardless of whether the SAM is MPA, MUA or MHA. Moreover, the longer chain MHA modification layer produces the larger Ret values and the larger Ret increment (ΔRet) in the modification procedures. Although the MHAmodified immunosensors had the larger ΔRet-SAL after the incubation of 1 ng mL -1 SAL, the MPA-modified immunosensors provided a higher increment ratio (ΔRet-SAL/Ret-BSA), 38%, than the MUA-and MHA-modified immunosensors. Moreover, Fig. S5 shows the calibration curves measured at the MPA-, MUA-and MHA-modified immunosensors for the 1 -1000 ng mL -1 SAL. The result of the ΔRet-SAL/Ret-BSA ratio demonstrates that the MPA-modified immunosensors can obtain the highest sensitivity, indicating that the more conductive MPA SAM benefits the impedimetric measurement of EIS-based immunosensors.
EIS characteristics of the AuNS/po-SPCEH2SO4-based immunosensor
The MPA SAM was used as an optimal link to immobilize the anti-SAL on the high-roughness AuNS/po-SPCEH2SO4 so as to construct a label-free immunosensor. Figure 3(a) shows cyclic voltammograms (CVs) measured at the AuNS/po-SPCEH2SO4, followed by the modification of MPA, the immobilization of antibodies, the blocking of BSA and the 1 pg/mL SAL interaction. The well-defined redox peaks of Fe(CN)6 3-/4-showed a quasi-reversible behavior at the bare AuNS/po-SPCEH2SO4. Following the modification of MPA, the redox peak current decreased due to electrostatic repulsion between the carboxylic acid of MPA and the negatively charged Fe(CN)6 3-/4-. 35 Subsequently, the redox peak current decreased with the sequential modification of anti-SAL, BSA and SAL. This could be attributed to the immobilized molecules producing a more steric hindrance to Fe(CN)6 3-/4-, thus reducing the electron transfer. Figure 3(b) shows Nyquist plots of the prepared immunosensors at the different stages of the modification process. The impedimetric spectrum measured at the AuNS/ po-SPCEH2SO4 only displayed a predominant linear region, indicating a fast diffusive behavior due to the highly conductive electrode surface. After modifying the MPA on the electrodes, the semicircle region of the impedimetric spectra began to emerge. Moreover, the radius of the semicircle increased with the modifying procedures, implying the increasing interfacial impedance of the electrodes. Especially, after interacting with 1 pg mL -1 salbutamol, the change in the radius of the semicircle Table 1 Values of the Ret and CPE element respectively fitted from the experimental spectra of Fig. 2 Table 2 Values of the Ret and CPE element respectively fitted from the experimental spectra of Fig. 3(b) on the AuNS/po-SPCEH2SO4 followed by different modifications and 1 fg mL of the Nyquist plot was more obvious than that in the peak current of CV. The phenomenon is attributed to the fact that the EIS measurement of kinetic control is sensitive to the salbutamol immunoreaction more than the CV measurement of diffusive control. 33 The modified Randles circuit can be used to simulate the impedimetric spectra. The corresponding Ret and CPE values are listed in Table 2 . Only the Ret values presented the positive relationship with the modifying procedures. The Ret values of each modification step measured at the AuNS/po-SPCEH2SO4 were significantly smaller than those obtained at the AuNS/cleaned SPCE ( Table 1 ), indicating that the AuNS/po-SPCEH2SO4 had a lower interfacial impedance than the AuNS/ cleaned SPCEs.
Calibration curve
The MPA/AuNS/po-SPCEH2SO4-based immunosensors were incubated with the concentration-varied SAL samples ranging from 1 fg mL -1 to 1 ng mL -1 ; the corresponding Nyquist plots are shown in Fig. 4(a) . The semicircle radius increases with the SAL concentrations because of the steric hindrance of the electrode/solution interface against the electron transfer of Fe(CN)6 3-/4-. ΔRet-SAL was simulated by a modified Randles equivalent circuit to obtain the calibration curve by measuring four repetitions, as shown in Fig. 4 to 1 ng mL -1 . The Ret value of BSA/anti-SAL/MPA/AuNS/po-SPCEH2SO4 was 821.8 ± 1.9 Ω, implying that the background noise was 1.9 Ω. The calculated LOD was 0.6 fg mL -1 , based on the IUPAC recommendation (S/N > 3). The ultralow LOD is attributed to the greater adsorption capacity of the immobilized anti-SAL and the smaller interfacial impedance across the modified layer, resulting in a larger voltage drop on the electrode/solution interface to obtain a better S/N ratio. Moreover, the LOD of this study was much lower than that of other SPCE-based immunosensors for the detection of SMWDs in Table S1 (S/N > 3). Although the sensitivity of the MPA/AuNS/cleaned SPCE-based immunosensors is larger than that of the MPA/ AuNS/po-SPCEH2SO4-based immunosensors, the MPA/AuNS/ po-SPCEH2SO4-based immunosensors have a much lower LOD than the MPA/AuNS/cleaned SPCE-based immunosensors. This proves that the high surface area and the low resistance of the modifying layer has great promise for the ultrasensitive detection of SMWDs.
Other sensing properties
The repeatability and reproducibility of the SAL immunosensors were investigated by dipping three individual immunosensors in Fig. 4 Impedimetric spectra measured at the MPA/AuNS/po-SPCEH2SO4-based (a) immunosensors after interacting with 1 fg mL -1 (i), 10 fg mL -1 (ii), 100 fg mL -1 (iii), 1 pg mL -1 (vi), 10 pg mL -1 (v), 100 pg mL -1 (vi) and 1 ng mL -1 SAL (vii) and the MPA/AuNS/cleaned SPCE-based immunosensors (c) interacted with 1 pg mL -1 (i), 10 pg mL -1 (ii), 100 pg mL -1 (iii), 1 ng mL -1 (iv), 10 ng mL -1 (v), 100 ng mL -1 (vi) and 1 μg mL -1 (vii) SAL. (b) and (d) are the calibration curves corresponding to the (a) and (c) immunosensors.
the same 1 pg mL -1 SAL standard sample four times to obtain statistical data. In repeatability and reproducibility tests, the ΔRet-SAL was, respectively, 57.4 ± 1.9 and 52.0 ± 7.5 Ω with 3.3 and 14.4% RSD, indicating that the MPA/AuNS/po-SPCEH2SO4-based immunosensors have good repeatability and reproducibility.
Furthermore, the selectivity of the developed immunosensors was investigated by measuring other β-agonist SMWDs, such as 1 pg mL -1 ractopamine (RAC) and 1 pg mL -1 clenbuterol (CLB), as shown in Fig. S6 . The ratios of ΔRet-RAC and ΔRet-CLB to the ΔRet-SAL were, respectively, 9.5 and 12.6%. The result implies that the immunosensors have good specificity.
In real sample measurement, interference from biological matrices is an important issue for label-free immunosensors. Figure S7 shows the effect of commercial porcine serum diluted by a factor of 1 to 1000 with PBS on the Ret value. The results show that the magnitude of the interference increases with the serum concentration. However, the 1000 times-diluted porcine serum (0.1%) did not induce any significant interference on the impedimetric measurement (p <0.05 with Student's t-test). Therefore, the SAL of 0.1, 1 and 10 pg mL -1 was spiked in the 1000 times-diluted porcine serum to estimate the practical measurement of real samples. The corresponding recovery was, respectively, 100.3, 103.1 and 108.7%, implying that the immunosensors can quantify the SAL concentration in diluted real samples with little difference due to the ultralow LOD.
Conclusions
This study proves that high-roughness AuNS/po-SPCEH2SO4 can be constructed as a disposable and ultrasensitive label-free immunosensor for the detection of SAL. Preoxidation performed in a strong acidic H2SO4 solution can significantly increase the roughness of SPCEs to 1.88 ± 0.15.
After AuNS electrodeposition, the AuNS/po-SPCEH2SO4 produces a larger surface area with an increased roughness factor, 23.64 ± 1.76, for the immobilization of more antibodies. Using MPA as a link for antibody immobilization can decrease the impedance of the modified layer to improve the S/N ratio of immunoreaction. The MPA/AuNS/po-SPCEH2SO4-based immunosensors had a LOD as low as 0.6 fg mL -1 and a wide linear range from 1 fg mL -1 to 1 ng mL -1 . The detected SAL concentration can meet the EU minimum required performance limit of SAL (3 ppb). The MPA/AuNS/po-SPCEH2SO4 shows great promise for the development of label-free impedimetric immunosensors for the detection of other SMWDs.
